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This  project  characterized  the  performance  of  an  uninstalled  Williams  International 
WJ24-8F  with  and  without  a  bell  mouth  inlet,  and  compared  the  results  with  data  from  tests 
of  the  engine  installed  in  the  Northrop  Grumman  BQM-74E  Chukar  111  aerial  target  drone, 
and  the  manufacturer's  published  engine  performance.  Over  a  series  of  five  test  runs,  the 
performance  was  characterized  to  include  parameters  such  as  thrust,  thrust  specific  fuel 
consumption,  and  air  mass  flow  rate  through  the  engine.  These  parameters  were  then 
compared  to  the  installed  performance  recorded  previously.  The  uninstalled  engine  with  a 
bell  mouth  inlet  was  found  to  have  a  corrected  thrust  of  roughly  260  lbs  and  a  corrected 
thrust  specific  fuel  consumption  of  roughly  1,15  ibm/hr.  The  uninstalled  thrust  performance 
was  roughly  10%  higher  than  the  installed  thrust.  The  increase  in  uninstalled  thrust 
compared  to  installed  thrust  can  be  attributed  to  the  inlet  losses  of  the  drone  as  well  as  the 
additive  force  from  the  bell  mouth  inlet  Specifically,  the  drone  uses  a  serpentine  inlet  which 
is  especially  prone  to  losses  due  to  separation*  The  uninstalled  thrust  with  the  bell  mouth 
inlet  was  also  found  to  be  8%  higher  than  the  published  values  and  5.9%  higher  than  the 
thrust  without  the  bell  mouth  inlet  When  the  thrust  specific  fuel  consumption  was 
compared,  the  uninstalled  result  during  tests  with  the  bell  mouth  inlet  was  6.7%  lower  than 
without,  4.3%  lower  than  the  published  value,  and  17,5%  lower  than  the  installed  value. 
The  mass  flow  rate  of  air  through  the  engine  w  as  also  characterized  across  the  RPM  band  in 
order  to  support,  and  set  a  foundation  for,  future  research  with  this  engine.  Finally, 
differences  in  engine  performance  between  the  published  data,  installed  tests,  uninstalled 
tests  without  a  bell  mouth  inlet,  and  uninstalled  tests  with  a  belt  mouth  inlet  were  examined 
for  possible  causes  such  as  the  nature  of  the  engine’s  design,  inlet  losses,  vena  contracts,  and 
bell  mouth  inlet  pressure  differential. 


Nomenclature 

=  speed  of  sound  (ft/sec) 

=  annular  area  (in2) 

=  bias  Error 

=  corrected  uninstalled  thrust  (lbf) 

=  Mach  number 

=  mass  flow  of  fuel  (1bm/sec) 

=  mass  flow  of  air  (lbm/sec) 

=  uncorrected  RPM  (revolutions  per  minute) 

-  corrected  RPM  (revolutions  per  minute) 

=  precision  error 

=  observed  static  pressure  (psi) 


a  C1C,  Department  of  Aeronautics,  P.O.  Box  4305,  AIAA  Member 
h  C1C,  Department  of  Aeronautics,  P.O.  Box  5221,  AIAA  Member 
c  Lt  Cols  Deputy  of  Operations,  Department  of  Aeronautics,  AI  AA  Senior  Member 


1 


Pref  =  atmospheric,  sea  level  pressure  (psi) 

P,  =  total  pressure  (psi) 

R  =  gas  constant  ((ft*  lbf)/(lbm*R.)) 

S  =  uninstalled  thrust  specific  fuel  consumption  (!bm/lbf-hr) 

Sc  =  corrected  uninstalled  thrust  specific  fuel  consumption  (lbm/lbj-hr) 

T  =  installed  thrust  (Ibf) 

T0  =  observed  static  temperature  (R) 

Trcf  ~  atmospheric,  sea  level  temperature  (R) 

T,  =  total  temperature  (R) 

TSFC  =  installed  thrust  specific  fuel  consumption  (lbm/1brhr) 

V  =  velocity  (ft/sec) 

Y  =  ratio  of  specific  heats 

p  =  density  (Ibn/in3) 


L  Introduction 

United  States  Air  Force  Academy  is  constantly  working  in  conjunction  with  Air  Force  unmanned  aerial 
system  research  programs.  As  such,  the  Department  of  Aeronautics  is  in  need  of  compact  turbo  fan  and  turbojet 
engines  for  its  research  projects.  In  order  to  successfully  utilize  small  scale  turbojet  engines  in  its  research,  the  Air 
Force  Academy  must  develop  methods  for  both  testing  and  evaluating  small  class  engines.  One  such  project,  the 
Williams  International  WJ24-SF  turbojet  engine  was  examined  in  the  Spring  of  201 1  as  a  possible  engine  for  use  in 
the  United  States  Air  Force  Academy  Department  of  Aeronautics1  Campus  2.0  aerial  target  drone.4  The  WJ24-8F 
engine  is  a  small  scale  turbojet  engine  capable  of  producing  240  lbs  of  thrust  at  sea  level  static  conditions  and  was 
originally  used  in  the  Northrop  Grumman  BQM-74E  Chukar  III  aerial  target  drone  4  This  drone  is  primarily  utilized 
by  the  Navy  to  simulate  aircraft  threats.  The  drone  has  the  ability  to  fly  from  15  ft  to  40,000  ft  with  a  top  speed  of 
over  525  knots  and  can  perform  6g  maneuvers,1  Also,  the  drone  is  designed  to  withstand  numerous  water  landings; 
therefore,  the  WJ24-8F  is  designed  to  operate  after  subjected  to  thermal  shock.  Due  to  this  requirement,  the  engine  is 
overbuilt,  and  the  manufacturer's  specifications  are  characteristic  of  the  performance  at  the  end  of  the  engine’s  life. 
When  the  WJ24-8F  was  originally  evaluated,  all  data  was  taken  with  the  engine  mounted  in  the  United  States 
Navy’s  BQM-74E  Chukar  III  remote  controlled  aerial  target  drone,4  This  particular  drone  utilizes  a  serpentine  inlet 
due  to  design  constraints  on  engine  placement.  While  necessary  for  the  Chukar  III,  the  serpentine  inlet  design  causes 
losses  due  to  the  flow  direction  changes.  The  inlet  losses  of  the  Chukar  III  resulted  in  a  lower  maximum  thrust 
during  testing  than  the  published  value.  While  the  inlet  losses  changed  the  performance  characteristics  of  the  WJ24- 
SF  the  nozzle  should  not  affect  the  installed  versus  uninstalled  data  since  the  nozzle  is  incorporated  into  the  engine 
and  does  not  vary  with  instillation.  The  primary  focus  of  this  project  is  to  characterize  the  uninstalled  performance 
characteristics  of  this  engine  in  order  to  set  a  baseline  for  future  Air  Force  Academy  research  projects,  as  well  as 
further  develop  the  methods  used  to  test  and  evaluate  small  scale  turbojets, 

A.  Previous  Experimentation 

A  similar  project  was  conducted  in  the  Spring  of  2011  in  order  to  evaluate  the  performance  of  the  Williams 
International  WJ24-&F  turbojet  engine  while  installed  in  the  United  States  Navy’s  BQM-74E  remote  controlled 
aerial  target  drone.  This  configuration  is  detailed  in  Figures  1,  2,  and  3  below.  During  the  evaluation  of  this  engine 
the  thrust,  corrected  thrust,  TSFC,  Mach  number  at  the  inlet,  and  mass  flow  through  the  engine  were  determined. 
Figures  4-7  depict  these  findings. 


Figure  1.  Installed  Engine  Setup 
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Figure  2*  The  WJ24-SF  turbojet  engine  mounted  to  the  RQM-74  Aerial  Target  Drone  on  a  thrust  stand  in 
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Figure  4*  Uneorrected  and  corrected  installed  thrust  versus  uueorrected  and  corrected  percent  maximum 

RPM  with  error  bars*4 
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Figure  5.  Uncorrected  and  corrected  installed  Thrust  Specific  Fuel  Consumption  versus  uncorrected  and 

corrected  percent  maximum  RPM  with  error  bars*4 
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Figure  6*  Installed  inlet  Mach  number  as  a  function  of  the  percent  of  maximum  RPM* 


Figure  6  above  shows  the  inlet  Mach  number  for  the  installed  engine.  This  Mach  number  was  calculated  using  a 
pitot-static  probe  placed  in  the  inlet,  and  the  following  Equation  1  seen  below. 


M  = 


-  ,£o 


Ply- i 


4 


r- 1 

2 


{Eqn  1} 


The  pitot-static  probe  gives  the  total  and  static  pressures,  P<  and  P0,  respectively,  and  the  ratio  of  specific  heats,  y, 
is  known  to  be  1.4  for  air  at  the  conditions  in  the  inlet. 
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Figure  7,  The  installed  mass  Row  of  air  at  the  inlet  versus  the  percent  of  maximum  RPM,4 

The  method  used  to  determine  the  air  mass  flow  rate  of  the  installed  engine  included  using  pressure  data 
obtained  from  a  pitot-static  probe  placed  in  the  inlet  of  the  Chukar  Ill.  This  pitot-static  probe  only  returned  data  on 
the  center  of  the  flowr  however,  therefore  inducing  some  error  into  the  air  mass  flow  rate  calculations  which  will  be 
discussed  further  in  results.  Several  key  findings  can  be  taken  from  last  semester’s  efforts.  First  the  corrected  thrust 
at  100%  RPM  was  found  to  be  232,5  lb4  which  represents  a  reduction  of  3.1%  from  the  published  thrust  of  240  ibf,1 
Secondly  the  TSFC  at  100%  RPM  was  1.154  lbm/lbrhr4  which  is  3.8%  better  than  the  published  TSFC  of  1,2/hr,1 
This  trend  is  the  opposite  of  wrhat  would  be  expected  for  an  installed  performance  parameter.  The  final  takeaway 
from  last  semester’s  data  was  that  the  TSFC  increased  as  the  engine  approached  100%  RPM  rather  than  continue  its 
downward  trend  leveling  off  as  it  reached  100%  RPM,  This  is  most  likely  due  to  the  increased  Mach  values  at  the 
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inlet  of  the  aerial  target  drone,  since  inlet  losses  increase  as  the  Mach  in  the  inlet  increases  for  a  serpentine  inlet* 
Another  driving  factor  for  the  increase  in  TSFC  at  high  engine  speeds  could  he  that  by  the  design  of  the  engine,  the 
nozzle  exit  velocity,  V9,  reaches  the  value  for  optimum  propulsive  efficiency,  r|p,  at  90-95%  throttle,  and  the 
propulsive  efficiency  decreased  as  V9  continued  to  increase  with  the  increasing  throttle  setting.  Since  this  project  is 
evaluating  the  uninstalled  performance  of  the  engine,  the  intake  of  the  drone  will  not  be  a  factor  in  the  TSFC; 
therefore,  the  TSFC  is  expected  to  decrease  towards  100%  RPM  and  level  off  rather  than  follow  the  trend 
experienced  last  semester  if  the  inlet  is  main  driving  factor  for  the  increase  in  TSFC  at  high  engine  speeds. 


B.  Objectives 

The  objective  of  this  experiment  is  to  compare  engine  performance  for  four  eases:  installed  using  the  WJ24-8F 
engine  data  gathered  during  the  Spring  2011  semester  at  the  U.S.  Air  Force  Academy,  published  data,  uninstalled 
with  a  bell  mouth  inlet,  and  uninstalled  without  a  bell  mouth  inlet.  The  WJ24-8F  performance  evaluation  is  being 
conducted  in  hopes  that  the  engine  will  be  validated  as  a  test  platform  for  future  Air  Force  Academy  research,  and 
that  methods  for  effectively  testing  and  evaluating  small  scale  turbojet  engines  will  be  developed.  Performance 
parameters  evaluated  include  thrust  and  TSFC,  as  well  as  the  installed  and  uninstalled  mass  flow  rate  solved  both 
analytically  and  experimentally*  All  compared  experimental  parameters  are  corrected  to  sea  level  conditions  to 
mitigate  the  data  fluctuations  due  to  different  test  conditions* 

II.  Theory 


A.  Engine 

The  WJ24-8F  is  a  small  scale  turbojet  engine.  The  WJ24-8F  was  designed  with  two  stages  of  compressors  the 
first  being  an  axial  flow  compressor  stage  and  the  second  a  centrifugal  compressor  stage*4  The  WJ24-8F  also  utilizes 
an  annular  combustor  as  well  as  a  single  turbine  stage.4  During  operation,  air  flows  through  the  inlet  into  the 
compressor  stages;  the  two  stages  of  compressor  increase  the  pressure  of  the  flow  and  condition  it  for  the  combustor. 
In  the  combustor  fuel  is  mixed  with  roughly  40%  of  the  air  flow;  this  fuel  air  mixture  is  then  ignited  in  order  to 
expand  the  gasses  and  energize  the  flow.  Once  energized,  the  flow  passes  through  the  turbine  where  the  energy 
required  to  run  the  compressor  stages  is  extracted  from  the  high  energy  flow.  The  flow  then  passes  through  the 
nozzle  where  it  is  accelerated  and  the  remaining  energy  in  the  flow  is  translated  into  thrust* 

B.  Installed 

Much  of  the  installed  engine  performance  is  determined  by  the  inlet  of  the  engine  since  the  airflow  into  the 
engine  is  determined  by  the  inlet.  The  smoother  the  flow  into  the  engine  the  more  efficient  the  engine  compressor 
stages  will  be,  and  therefore,  the  more  efficient  the  engine  will  be*  The  ideal  engine  inlet  geometry  is  a  bell  mouth 
which  is  large  enough  and  has  a  smooth  enough  curve,  to  direct  ambient  air  into  the  engine  without  causing  any 
turbulence  or  vortices.  Unfortunately,  such  inlets  are  only  feasible  on  test  stands.  When  an  engine  is  put  into  service 
on  an  aircraft,  many  different  factors  influence  the  geometry  of  the  inlet,  only  one  of  which  is  flow  characteristics. 
Such  is  the  case  with  the  BQM-74  aerial  target  drone.  Many  design  considerations  led  to  a  serpentine  inlet  design* 
This  design  experiences  higher  inlet  losses  than  a  straight  inlet.  This  is  due  to  the  turning  of  the  flow  as  it  rounds  the 
two  bends  in  the  serpentine  inlet  As  the  flow  turns  at  these  bends  two  things  occur*  First  at  each  turn  the  flow  has  an 
effective  impact  surface  where  the  flow  “hits  a  wall”  as  it  is  being  turned.  This  increase  in  frictional  effects  causes 
losses  in  the  inlet.  Second,  the  turning  of  the  flow  causes  a  separation  point  after  the  turn  since  the  flowr  cannot  turn 
sharply  enough  to  stay  attached  to  the  wall  of  the  inlet.  This  effectively  reduces  the  area  of  the  inlet,  since  the  flow 
cannot  stay  attached  as  it  turns  the  comer;  the  flow  only  sees  the  area  between  the  wall  and  the  boundary  layer  of  the 
separation  point.  Once  again,  this  decreased  area  increases  losses  of  the  inlet.  Fortunately,  the  serpentine  inlet  of  the 
BQM-74  aerial  target  drone  has  a  relatively  mild  design  and  therefore  the  installed  losses  are  minimal.  Figure  12 
below  depicts  the  installed  inlet. 
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Figure  12.  Installed  inlet/ 


Two  points  on  the  thrust  curve  were  analytically  examined  to  determine  losses  due  to  the  serpentine  inlet.  73% 
and  102%  throttle  were  used  in  order  to  characterize  rhe  low  and  high  ends  of  the  thrust  curve  respectively.  It  was 
determined  that  the  inlet  caused  roughly  a  2  Ibf  thrust  loss  at  73%  thrust  and  roughly  a  1 5  Ibf  loss  at  102%.  This  data 
seems  to  indicate  that  the  performance  losses  due  to  the  inlet  increase  as  throttle  increases;  however,  it  is  important 
to  note  that  the  inlet  losses  would  be  different  in  flight  conditions  than  on  a  test  stand  since  the  test  stand  introduces 
losses  such  as  vena  contracta  which  would  not  be  present  at  flight  conditions, 

C.  Uninstalled  With  Bell  Mouth 

The  Ideal  setup  for  an  engine  being  bench  tested  requires  a  properly  sized  bell  mouth  inlet.  The  bell  mouth  inlet 
is  ideal  because  flow  cannot  turn  sharp  corners  and  will  separate  restricting  the  area  of  the  inlet  seen  by  the  flow. 
This  separation  effectively  decreases  the  mass  flow  into  the  engine.  An  inlet  with  a  gradual  curve  is  needed  to  guide 
the  flow  into  the  engine  smoothly,  negating  this  effect.  A  properly  sized  bell  mouth  has  no  separation  points  or 
vortices  at  its  lip  and  smoothly  directs  the  flow  into  the  compressor  face  with  minimal  losses.  This  allows  the  true 
performance  capabilities  of  the  engine  to  be  observed  and  established  as  a  baseline  from  which  designers  can 
estimate  the  amount  of  thrust  they  will  get  for  a  given  installation  configuration.  Figure  13  below  shows  the  bell 
mouth  inlet  configuration. 


Figure  13.  Bell  mouth  inlet  configuration. 


The  addition  of  a  bell  mouth  has  other  effects  on  data  however,  As  the  air  begins  to  flow  through  the  bdl  mouth 
to  the  engine,  it  transitions  from  static  atmospheric  conditions  to  the  flow  conditions  needed  by  the  engine.  This 
means  that  the  flow  accelerates  towards  the  engine,  With  the  changing  velocity  of  the  flow  comes  changing  static 
pressures.  This  means  that  the  bell  mouth  experiences  the  same  phenomena  as  the  wing  of  an  aircraft.  On  the  inside 
of  the  bell  mouth  there  is  a  relatively  high  speed  flow  over  the  surface  with  correspondingly  lower  static  pressures, 
while  on  the  exterior  of  the  bell  mouth  there  is  static  atmospheric  conditions.  This  creates  a  pressure  differential 
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precisely  as  the  flow  over  a  wing  does.  The  pressure  difference  of  the  bell  mouth  creates  “extra  thrust”  felt  by  the 


Figure  14.  Additive  net  force  due  to  pressure  gradient  along  the  bell  mouth. 


In  order  to  measure  the  effects  of  this  pressure  differential  on  thrust  readings,  the  pressure  differential  was 
solved  using  piece  wise  integration  at  73%  throttle  and  102%  corrected  throttle.  Several  assumptions  were  made 
when  solving  for  the  pressure  difference  including  an  adiabatic,  isentropic  inlet  with  incompressible  1-D  flow. 
While  the  max  Mach  number  measured  at  the  neck  of  the  bell  mouth  of  the  high  sample  point  tested  was 
approximately  M=0.35,  and  therefore  slightly  in  the  compressible  regime,  the  majority  of  the  flow  through  the  bell 
mouth  remained  in  the  incompressible  regime.  The  lower  throttle  setting  test  point  never  entered  the  compressible 
regime  for  air.  The  pressure  at  the  static  port  ring  was  analytically  calculated  to  be  10.38  psi  using  the 
incompressible  bell  mouth  model  for  102%  throttle,  while  the  experimentally  measured  static  pressure  was  10.35  psi 
in  this  case.  The  difference  between  the  experimental  results  and  the  analytical  model  shows  that  the  model’s 
assumptions  did  affect  the  data  solved  for;  however,  the  percent  difference  between  these  two  pressures  was  found 
to  be  0.28%.  This  difference  was  considered  statistically  negligible,  and  therefore,  the  model  was  validated. 

The  piecewise  integration  separated  the  interior  of  the  bell  mouth  into  twenty  two  distinct  bands.  Figure  15 
below  shows  an  example  of  how  the  bell  mouth  was  broken  into  bands  for  piecewise  integration.  The  static  pressure 
experienced  by  each  of  the  bands  was  solved  for  using  Equation  2  and  3  below.  In  order  to  calculate  the  area  each  of 
these  pressures  affected,  the  circumference  at  each  known  point  along  the  curve  was  calculated  using  Equation  3  and 
averaged  with  that  of  the  next  point.  This  allowed  the  average  circumference  of  the  two  points  to  define  the 
circumference  of  the  band  at  each  stage.  The  distance  between  points  was  then  solved  for  using  Equation  4. 


Figure  15.  Example  bands  used  for  piecewise  integration  of  the  interior  of  the  bell  mouth  ;  each  axis  is 
measured  in  inches  and  the  bands  are  defined  by  the  known  points  on  the  curve  of  the  bell  mouth. 


m  =  pAV  (Eqn  2) 

P  =  Pt~  ip!/2  (Eqn  3) 

Circumference  =  2nr  (Eqn  4) 

d  =  VO'2  +  (%;  -Ti)2  (Eqn  5) 
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t.  trhe  aref  ofeach  !?a"d  was  determined  by  multiplying  the  band’s  average  circumference  bv  the  distance  between 
the  two  end  points  of  the  band.  The  pressure  was  then  multiplied  by  said  area  to  get  the  force  acting  normal  to  the 

oSerCteo°findathi 'force  aSn^nth8  ^  the  ^c<?mponent  was  s<»ved  for  using  trigonometric  relationships  in 

th^vmnSl k  n 8+!"  u  ^  *  the  thrust  The  y<™PQnent  of  the  force  cancels  itself  out  due  to 
rhp  y  „  1^1?  be  mouth  about  the  x-axis.  The  same  process  was  then  followed  to  find  the  opposing  force  on 

£e  exterior  of  the  bell  mouth.  On  the  exterior  however,  only  12  bands  were  used  since  the  exterior  curve  of  the  bell 

■  f^h  ‘Iff  atSf"^S*,V®  and  the  Pressure  on  thc  surface  is  constant  at  every  point.  When  these  forces  are  resolved  it 
s  found  that  at  102%  thrott  e  on  the  2  Dec  test  roughly  1 1.5  Ibf  of  thrust  were  added  by  the  bell  mouth  and  that  on 
thc  same  test  at  73/0  throttle  roughly  0.901  Ibf  of  thrust  were  added  by  the  bell  mouth.  These  figures  were  then 
corrected  to  sea  level  and  it  was  determined  that  at  102%  throttle  15.04  Ibf  of  corrected  thrust  were  added  bv  the  bell 

h2r^,  5  “I'lT  «■  by  ,hC  bdl  — »•  rtec  values  highlight  the  key  trend  the! 

the  effects  of  the  bell  mouth  pressure  differentia!  increase  as  throttle  increases. 

D.  Uninstalled  Without  Bell  Mouth 

•  ,  mainffdr‘Ver,f°,r  performance  differences  between  the  two  uninstalled  cases  (with  and  without  the  bell  mouth 
lek  ci  Is  ,.!!  Ca  Cf  VT  C°ntraCfu  Ihls  effect  is  dlie  to  the  fluid’s  (air’s)  inability  to  turn  sharp  comers  at  high 
m  a  tlTn  lS  T  7  3  functlIono  the  geometry  of  the  inlet.2  The  inability  to  efficiently  tum  sharp  comers  leads 

Equation  6 bSZ  *  ^  ^  iS  Sh°Wn  in  the  iOS$  coefficieid’  K-  is  defined  in 


fpV2 


Re  =  t™ 


(Eqn  6) 
(Eqn  7) 

The  actual  value  of  KL  is  strongly  dependent  on  the  geometry  of  the  component  considered.  It  may  also  be 
dependent  on  the  fluid  properties.  That  is,  KL  =  ^geometry,  Re)  where  Re,  as  defined  in  Equation  7,  ^he  inlet 

theyvelocim  Of  th  o  a  an°Ve  TfT  ?■ iS  the  densil>  t)f ' the  fluid’  AP  is  the  cha"ge  iri  density  of  the  fluid.  V  is 
nr’  ,  ^  ,  the  flu'd’ D  ,s  hydraulic  diameter  of  the  inlet,  and  p  is  the  viscosity  of  thc  fluid.  For  many 
practical  applications  the  Reynolds  number  is  large  enough  so  that  the  flow  through  the  component  is  dominated  bv 
inertia  effects,  with  viscous  effects  being  of  secondary  importance.2  This  is  true  due  to  the  mfa" large 

S5  ” ^  tlmd  33  ft  fl0WS  a,on§ the  curved,  variable-area  path  through  the 
n  a.^™  that  1S  dominated  by  mertia  effects  rather  than  viscous  effects  the  pressure  drops  usually  correlate 

flow  s  it'd  maTihPr?SUre 'iJhiS  ^  K"hy  lHe  friCti°n  faCt°r  for  Very  larSe  Re>™lds  number  fully  developed 
independent  of  the  Reynolds  number.  Thus,  in  most  cases  of  practical  interest  the  loss  coefficients  for 

components  are  a  function  of  geometry  only,  KL  =  cf(geometry).2  As  a  rule  of  thumb,  the  lower  the  KL  value,  the 

0Wer  the  associated  loss  is;  therefore,  lower  KL  values  are  better  for  inlet  and  overall  engine  performance. 


Figure  16.  No  bell  mouth  inlet  configuration. 

^ZnZ0mmCta  T"  maymeSUlt  becau“  the  fluid  cann0t  turn  3  sharP  riSht  corner.  The  flow  separates 
m  the  sharp  comers  shown  in  Figure  16  above.  The  maximum  velocity  at  section  (2)  in  Figure  1 7  below  is  greater 

than  the  velocity  in  the  inlet  at  section  (3),  and  the  pressure  there  is  lower.  If  this  high-speed  fluid  could  slow  down 
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efficiently,  the  kinetic  energy  could  be  converted  into  pressure  (the  Bernoulli  Effect),  the  ideal  pressure  distribution 
would  result,  and  the  head  loss  for  the  entrance  would  be  essentially  zero,2 


Figure  17.  Flow  pattern  and  pressure  distribution  for  a  sharp-edged  entrance.2 


Such  is  not  the  case.  Although  a  fluid  may  be  accelerated  efficiently,  it  is  very  difficult  to  slow  down  (decelerate) 
a  fluid  efficiently.  Thus,  the  extra  kinetic  energy  of  the  fluid  at  section  (2)  of  Figure  17  above  is  partially  lost 
because  of  viscous  dissipation,  so  that  the  pressure  does  not  return  to  the  ideal  value.  An  entrance  head  loss 
(pressure  drop)  is  produced  as  is  indicated  in  Fig.  16.  The  majority  of  this  loss  is  due  to  inertia  effects  that  are 
eventually  dissipated  by  the  shear  stresses  within  the  fluid.  Only  a  small  portion  of  the  loss  is  due  to  the  wall  shear 
stress  within  the  entrance  region.  The  net  effect  is  that  the  loss  coefficient  for  a  square-edged  entrance  is 
approximately  KL  =  0.50.  One-half  of  a  velocity  head  is  lost  as  the  fluid  enters  the  inlet.  Also,  the  effects  of  vena 
contracta  for  this  case  may  be  reduced  by  the  compressor  bearing  housing  geometry.  This  additional  geometry 
increases  the  difficulty  of  the  vena  contracta  analysis  because  it  directs  the  flow  outward  and  toward  the  compressor 
blades.  This  flow  redirection  should  reduce  the  effects  of  vena  contracta  because  the  fluid  is  not  required  to 
decelerate  as  much  as  if  the  bearing  housing  was  not  present.  Figure  IS  below  shows  the  flow'  separation  and  the 
reduction  in  effective  inlet  area. 


Figure  18.  Vena  Contracta* 


When  comparing  the  uninstalled  engine  thrust  with  a  bell  mouth  inlet  to  the  uninstalled  thrust  without  a  bell 
mouth  inlet,  it  can  be  assumed  that  once  the  forces  acting  on  the  bell  mouth  are  negated,  any  thrust  deficit  remaining 
would  be  due  to  the  vena  contracta  phenomena.  This  thrust  deficit  was  solved  for  at  73%  throttle  and  102%  throttle. 
It  was  found  that  at  73%  throttle  approximately  8.66  Ibf  of  thrust  is  lost  to  vena  contracta  while  at  102%  throttle 
only  3.17  Ibf  of  thrust  is  lost  to  vena  contracta .  This  seems  to  indicate  that  the  effects  of  vena  contracta  decrease  as 
throttle  increases. 


E,  Corrected  Parameters 

Each  test  run  is  performed  under  differing  conditions;  therefore,  it  is  necessary'  to  correct  the  experimental  data 
to  sea-level  conditions.  While  the  test  runs  never  exceeded  1 00%  RPM,  once  these  values  are  corrected  to  sea  level 
some  of  the  values  do  exceed  the  100%  RPM  line.  The  corrections  are  based  on  the  ratio  between  the  test 
environment  pressure  and  temperature,  and  the  reference  pressure  and  temperature.  For  this  analysis,  sea- level 
standard  day  conditions  are  used,  which  are  defined  as  Pref  =  14.696  psia  and  Tr€f  ~  518.69  R.  The  corrected 
engine  parameters  are  outlined  in  Table  19  below. 
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Table  19.  Corrected  engine  parameters  and  their  equations.3 


Parameter 

Symbol 

Corrected  Parameter 

Total  pressure 

Pu 

Total  temperature 

Tti 

Rotational  speed 

N  =  RPM 

_  y-a 

Mass  flow  rate 

m, 

"  s, 

Thrust 

F 

*-'i  

Thrust-specific  fuel  consumption 

S 

5 

■' V  =  -7= 

Fuel  mass  flowrate 

til, 

,uf  ^  — L-. 

III.  Set-up  and  Procedure 

A.  Test  Cell  Setop 

The  Williams  International  WJ24-8F  is  mounted  on  a  static  thrust  stand  in  the  U.S,  Air  Force  Academy 
Department  of  Aeronautics  Laboratory  Test  Cell  #4.  Figure  8  below  depicts  the  thrust  stand  and  engine  setup  The 
veSrair.m  °h!?  77  movem*n'  in  the  direction  of  the  thrust  vector,  but  not  in  the  lateral  (side-to-side)  or 
reomre  onW3md  7T  dlrect!ons  The  bmited  movement  allowed  is  acceptable  because  the  test  stand  is  designed  to 
test  stand  k  ?‘n'md  7ven)ent.  .t0  f £hcr  load  ce!i  data-  Furthermore,  the  resistance  to  movement  offered  by  the 
,7  7  considered  negligible  due  to  the  low  restriction  and  the  calibration  of  the  load  cell.  The  load"  cell 

the  SusTvecto^  od  b.y  ?aC,n?  a,  kn0Wn  set°f  Weights  on  3  ny|on  cable  that  is  attached  to  the  test  stand  along 
the  thrust  vector  and  centerline  of  the  engine  through  the  use  of  a  single  pulley.  The  SuperFhw  data  collection 

enaine^nd  thCn  fhbrated  t0  match  the  kl10wn  weiSht  values.  The  load  cell  itself  is  not  along  the  centerline  of  the 

ranhr!fin™ereforK  3  T7T  arm  f°r  the  thrust  t0  act  about>  This  moment  a™  is  taken  into  account  in  the 

calibration  process;  however,  and  the  load  cell  calibration  remains  linear 


The  WJ24-8F,  in  the  testing  configuration,  consists  of  four  main  systems:  lubrication,  fuel,  ignition  and  air  start 

order  to  nre'TubricateSfhd  ^  fr°m  Wiiliams  international,  and  includes  the  alternator  and  oiling  system.  In 

p  b  cate  engme  before  startup,  100  psi  externally  compressed  bleed  air  from  the  U  S  Air  Force 
Academy  Department  of  Aeronautics  Test  Cell  #4  shop  air  is  regulated  to  10-12  psig  anTis  connected  to  Se 
engine  s  oil  misting  system  through  a  check  valve  that  will  close  when  the  engine  is  operating  under  its  own  power 
n  operating  conditions,  bleed  air  from  the  first  stage  axial  compressor,  which  is  around  ?8  p  J  doses  the 
aforementioned  check  valve  and  operates  the  oil  misting  system.  This  system  simplv  uses  comprised  air  to 
pressurize  a  small  oil  reservoir,  which  in  turn  continuously  sprays  a  fine  mist  of  oil  on  the  bearings  within  the 
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engine.  The  reservoir  lasts  several  test  runs  before  requiring  a  refill,  and  includes  a  hearer  to  bring  the  oil  up  to 
operating  temperature. 

To  provide  a  fuel  supply  with  a  controllable  fuel  flow  rate  to  the  engine,  a  variable  electric  automotive  fuel  pump 
is  used  in  conjunction  with  a  power  supply  located  in  the  test  cell  control  room.  This  fuel  pump  draws  IP-8,  through 
a  fuel  filter,  from  a  10  gallon  fuel  tank  located  in  the  test  cell,  and  routes  the  fuel  to  the  pre-existing  fuel  system  on 
the  WJ24-8F.  The  fuel  shutoff  valve  included  on  the  WJ24-8F  is  retained  in  order  to  have  complete  control  over  the 
fuel  flow  to  the  engine  in  the  case  of  an  emergency.  The  fuel  pump  operates  at  multiple  speeds  and  is  controlled  by 
the  variable  power  supply  located  in  the  test  cell  control  room.  In  essence,  the  fuel  pump  power  supply  is  the  throttle 
control  for  the  engine.  As  voltage  is  increased  from  3V  to  10V\  fuel  flow  increases  from  98.82  Ibm/hr  to  417,12 
Ibm/hr,  respectively.  The  lowest  voltage  setting  possible  for  sustained  engine  operation  is  5V.  Above  5V  the  fuel 
flow  meter  calibration  is  nearly  linear.  Figure  9  below  shows  the  fuel  flow  meter  calibration  against  the  fuel  pump 
voltage  setting,  and  Figure  10  depicts  the  fuel  system. 
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Figure  9*  Fuel  flow  meter  calibration  curve. 


Figure  10,  Fuel  system. 


The  ignition  system  consists  of  the  T-63  ignition  control  module,  the  igniter,  and  the  necessaiy  connections 
between  the  Super  Flow  console  in  the  control  room,  the  ignition  control  module,  and  the  igniter.  When  the  ignition 
switch  is  activated  on  the  Super  Flow  console  in  the  test  ceil  control  room,  the  T-63  ignition  control  module  is 
activated  and  energizes  the  igniter  in  the  engine.  The  igniter  is  exposed  directly  to  the  air/fuel  mix  in  the  combustor, 
and  when  energized,  creates  a  sufficient  spark  to  ignite  the  atr/fiiel  mix.  An  air  start  apparatus  using  bleed  air  from 
the  trisontc  wind  tunnel  air  tanks  is  also  connected  to  the  engine.  This  air  is  regulated  to  roughly  250  psig.  The  air 
start  apparatus  consists  of  an  electronically  activated  valve  and  high-pressure  air  hoses  necessary  to  connect  the 
compressed  air  supply  to  the  valve,  and  the  valve  to  the  pre-existing  air  start  port  on  the  engine.  The  air  start 
apparatus  spools  the  engine  up  to  starting  RPM  until  the  burner  can  ignite  and  the  engine  becomes  self-sustaining. 
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I  he  test  setup  includes  an  array  of  instrumentation  equipment  to  gather  the  necessary  data  for  analysis.  The 
Super f- low  test  cell  box  includes  a  thermocouple  and  pressure  transducer  to  collect  the  test  cell  temperature  and 
barometric  pressure,  respectively.  A  bell  mouth  is  fitted  to  the  engine  which  includes  a  static  pressure  port  ring  to 
collect  inlet  static  pressure  data.  A  thermocouple  is  attached  to  the  exhaust  housing  in  order  to  measure  exhaust  gas 
temperature  data.  The  alternator  included  on  the  engine  package  is  used  to  output  frequency  data  that  is,  in  turn 
used  to  collect  engine  speed  data.  A  frequency  cable  connects  the  alternator  to  a  frequency  channel  on  the 
SuperFtow  test  cell  box.  This  frequency  was  calibrated  to  give  accurate  engine  speed  using  an  optical  RPM 
measurement  device.  A  pressure  transducer  attached  to  the  compressor  bleed  air  output  is  used  to  collect 
compressor  pressure  data.  All  data  collection  equipment  is  connected  to  the  SuperFlow  test  ceil  box.  The  test  stand 
is  equipped  with  a  load  cell  that  is  also  connected  to  the  SuperFlow  test  cell  box.  Figure  1 1  below'  lists  the 
equipment  used  for  the  engine  tests. 

B.  Test  Procedures 

Testing  begins  by  following  the  safety/start-up  checklist  in  Appendix  A.  Once  all  procedures  are  followed  and 
the  engine  is  operating  at  idle  (42,OOORPM),  the  power  supply  regulating  the  fuel  pump  voltage  is  reduced  until 
engine  speed  reaches  roughly  30,000  RPM.  The  engine  is  allowed  to  settle  into  steady  state  operation  and  then 
roughly  twenty  five  seconds  of  data  is  taken  at  that  single  test  point.  The  SuperFlow  system  continuously  collects 
data  at  1  FIz.  In  an  effort  to  reduce  uncertainty  data  is  collected  for  twenty  five  seconds  at  each  test  point  to  provide  a 
quality  sample  for  data  reduction.  Once  roughly  twenty  five  seconds  of  data  have  been  taken  at  the  first  test  point, 
the  voltage  is  increased  to  increase  the  fuel  flow,  and  thus  the  engine  speed,  until  the  next  test  point  engine  speed  is 
reached.  The  engine  is  allowed  to  reach  steady  state  operation,  and  another  twenty  five  seconds  of  data  is  collected 
This  process  is  continued  until  the  maximum  engine  speed  (52,000  RPM)  is  reached.  Once  the  maximum  engine 
speed  is  reached  the  process  is  reversed,  and  data  is  collected  following  the  same  method  outlined  above  This 
deceleration  is  continued  until  the  engine  speed  reaches  roughly  30,000  RPM,  then  the  voltage  is  reduced  rapidly  to 
zero,  and  the  fuel  shut-off  button  on  the  SuperFlow  console  is  pressed  to  ensure  the  fuel  supply  is  cut.  Collecting 
data  on  both  the  acceleration  and  deceleration  of  the  engine  is  beneficial  for  two  reasons.  First,  it  allows  more  data 
to  be  taken  to  improve  the  results,  and  secondly  it  allows  for  a  cool  down  period  without  wasting  valuable  engine 
operation  tune.  The  WJ24-8F  is  designed  to  be  expendable,  thus  it  has  a  short  life  cycle,  and  collecting  data  on  both 
the  acceleration  and  deceleration  phases  of  engine  operation  maximizes  the  data  yield  while  minimizing  the  total 
engine  test  time. 


IV-  Results  and  Discussion 


A,  Uncertainty  Analysis 

An  uncertainty  analysis  is  performed  after  the  five  test  runs  are  completed  in  conjunction  with  the  data  reduction 
process.  The  uncertainty  in  the  experimental  data  comes  from  two  distinct  sources:  bias  and  precision.  Bias  error  is 
caused  by  the  inherent  error  associated  with  any  instrument,  and  is  obtained  from  the  manufacturer’s  specifications 
for  the  device.  The  bias  error  in  this  experiment  is  outlined  in  Figure  20  below.  Precision  error  is  caused  by  the 
unpredictable  variation  within  the  collected  data  samples.  The  precision  error  in  this  experiment  is  determined  bv 
finding  two  standard  deviations  from  the  average  value  of  the  collected  data  samples  for  each  of  the  aforementioned 
test  points.  For  the  number  of  data  points  taken  for  each  engine  operating  condition,  a  Student-T  distribution,  or  two 
standard  deviations,  gives  a  95%  confidence  interval  for  each  point.  Total  uncertainty  for  each  parameter  is  found 
using  Equation  8. 


Parameter 

Bias  Error 

Engine  Speed 

±  100  RPM 

Fuel  Flow  Rate 

±  1-5  lbm/hr 

Thrust 

±  0.3  lbf 

Temperature 

±  2.0  “R 

Figure  20.  Test  set  up  bias  error. 


U Total  ‘  VWias2  +  Precision2  (Eqn  g) 
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HiffJrpnt^r  pr°,,CeSS  1S  used  t0  find  the  total  uncertainty  for  the  engine  speed  and  thrust  data  samples,  but  a  slightly 

TSFC  k »  KS  !?  reqUire.  t0  djhC  t?tal  UT1Certainty  for  the  thrust  sPecific  fuel  consumption  (TSFC)  Lee 
!  SFC  is  a  calculated  parameter,  not  a  directly  measured  parameter  tike  engine  speed  or  thrust  Equations  9  10  and 

cLadonWi„aFLS:d19°  ^  ^  aSS0Ciated  with  TSFC'  Corrected  S  is  soled  fL  using  the 


J collected  “ 


5 

Je o 


U, 


J corrected 


(Eqn  9) 
(Eqn  10) 


](**)  +(£P')  +(£}B™f)  +{£rfP*r)  +{StBrtf  +  (g  Prtf  (Eqn  1 !) 


B-  Performance  Parameters 

r  flw,fparat^  tef  nm*  were  conducted,  three  with  the  bell  mouth  and  two  without,  the  data  was 

reduced,  corrected  to  sea  level,  and  uncertainty  was  calculated.  The  final  data  was  then  compiled  into  graphs  in 

tvnXL' ldentlly ' Performance,  error,  and  the  differences  between  corrected  and  uncorrected  data  as  welfas  to 
ypify  the  difference  between  installed  and  uninstalled  performance.  The  following  graph,  Figure  21.  shows  the 
corrected  thrust  values  from  each  test  against  the  percent  maximum  RPM. 
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V*™'  ”™,S  RPM  (BM=Bell  mouth);  the  error  bars  incorporate  the 

bias  error  as  well  as  the  precision  error  of  two  standard  deviations.  F 

,  ■  J  he  con^cted  thrust  at  100%  RPM  with  the  bell  mouth  installed  was  found  to  be  about  260  lbf  which  is  1 1 .8% 
higher  than  the  published  data.  Furthermore,  this  corrected  thrust  represents  a  16.2%  increase  between  this 

2™“  ^  C°tU"ted  on  thc  installed  enSine-  After  reducing  and  correcting  the  thrust  data,  the  TSFC  and 
he  mass  flow  rate  through  the  engine  were  calculated.  The  TSFC  at  100%  RPM  was  found  to  be  approximately  1  15 
Ibjlbf-hr.  Tins  is  4  2  /«  higher  than  the  published  data  as  well  as  a  1 8.3%  higher  than  the  installed  data 

■  L.CTCl  tbrUSt  and  1 SFC  obtained  from  the  experimentation  are  better  than  the  expectations  of  installed  vs 
uninstalled  performance  parameters.  While  it  is  expected  for  uninstalled  thrust  to  be  better  than  installed  thrust  it 
would  be  expected  that  the  corrected  thrust  should  align  closely  to  the  published  uninstalled  value.  This  mark  ’ 
however,  was  exceeded  by  roughly  8%.  Once  again,  it  is  expected  that  the  uninstalled  TSFC  meets  the  published 
value,  however,  in  these  tests  the  engine  performed  with  4.2%  higher  TSFC  than  the  published  values  This  is  most 
lkeiy  due  to  the  fact  that  the  published  data  correlates  with  the  engine  performance  towards  the  end  of  the  engine 

e‘  d  en8,ne  used  f°r  testing  is  very  well  kept  in  comparison  to  an  installed  and  operational  engine' 
therefore,  better  than  published  results  are  expected.  V  s  ’ 

One  particular  trend  that  should  be  noted  is  that  the  TSFC  begins  to  level  out  as  it  reaches  90-95%  RPM.  This 

However  thl  °r  slabl,!Z1”g  ls  what  should,°ccur  when  the  engine  reaches  its  maximum  output  and  stabilizes  there. 

directlv  LtLlh»teH^Sth0WSia?'  mTaSu  ISFCaS  the  engine  aPPr°ached  100%  RPM.  This  difference  can  most 
directly  be  attributed  to  the  relationship  between  thermodynamic  and  propulsive  efficiency.  As  the  engine  speed  is 

“d  yT1C  errCienCy  °f  the  engine  increases  While  the  ‘fiermodynamic  efficiency  is  incfealg 

InLl  v  h  Pr0pU  '7.,e  'C'eilcy  ’s  decreasing.  This  occurs  because  the  velocity  of  the  exhaust  from  the 
engine,  V,  is  increasing  while  the  engine  itself  remains  static.  Before  the  90%  to  95%  engine  speed  range  the 
increase  in  thermodynamic  efficiency  is  greater  than  the  decrease  in  propulsive  efficiency,  soothe  TSFC  decreases 


14 


After  the  90%  to  95%  engine  speed  range,  however,  the  losses  in  propulsive  efficiency  begin  to  outweigh  the 
”0™“  efficiency  and  .he  TSFC  begins  ,o  i„crease  again.  These  trends  can  be  seeTln  Rg^ 
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Figure  22.  Corrected  thrust  specific  fuel  consumption  versus  percent  maximum  RPM  (BM=Bell  mouth):  the 
error  bars  incorporate  the  bias  error  as  well  as  the  precision  error  of  two  standard  deviations 
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Figure  23.  Corrected  mass  flow  rate  versus  percent  maximum  RPM  (BM=Bcll  mouth). 

The  air  mass  flow  rate  results  shown  in  Figure  23  above  are  mainly  used  for  comparison  purposes  in  this  project* 

nTrZv  heta,r  maf  tflOW  ra!fS  may  be  01  importance  in  fllture  research.  As  previously  mentioned,  the  installed  air’ 
mass  flow  rate  was  determined  using  a  pitot-static  probe  placed  in  the  installed  serpentine  inlet  This  set  up  only 

ini e t"1  F urthermore^he  effect^  r°  ^  °f  ^  Cngine  arid  SO  may  not  trul>  rePresent  the  pressure  trends  in  die 
m  et.  Furthermore,  the  effects  of  vena  contractu  were  not  evaluated  for  the  installed  cases;  therefore,  the  effective 

et  ar®a  vvas  not  c°ns,dered  and  resulting  air  mass  flow  rates  are  higher  than  expected.  For  the  uninstalled 

SSrom  He"  ma$S  i$  d^™Jned  USing  th£  Static  P°rts  -  bell  mouth  inle 

“  Cei'-  The  f?11  mOUth  inlet  ne^tes  most  of' possible  reductions  in  effective  in  e 

area  due  to  separate  or  turbulent  flow.  This  difference  in  pressure  data  acquisition  methods  between  the  installed  and 

—  «*  installed  and  uninstalled  air  mass  flow  rate,  and  .he 

are  cniirtd 7  todete,7  *ne  air  mass  flow  rate  tends  t0  y'eid  more  accurate  results.  The  air  mass  flow  rates 
corrected  to  sea-level  conditions  using  the  air  mass  flow  rate  correction  equation  in  Figure  19  above 

Unfortunately,  since  the  static  pressure  ports  are  built  into  the  bell  mouth  inlet,  the  tests  without  the  bell  mouth  vield 
no  mlet  static  pressure  data;  therefore,  the  air  mass  flow  rate  cannot  be  determined  with  * 

Fieure  comParif°"  of  the  three  tesI  cases,  smooth  curves  for  thrust  and  TSFC  are  plotted  in 

the  rnstTii  7  ^1“”  2t5’  re;4>ectivei>-  FlSure  24  shows  the  corrected  thrust  for  the  two  uninstalled  cases,  as  well  as 
<7 °/  h  1  d  mnfif  raK0t1'  7hC  corrected  thrusl  for  uninstalled  with  bell  mouth  inlet  configuration  is  roughly 

con  ft  o^ra^fon  Cd  WJth°Ut  3  Ml  m°Uth  C3Se>  and  over  1 0%  hi§her  than  for  the  installed 

“  I  ueS  Pr0d^,m°re  thrust  in  the  insfal,ed  configuration  than  the  uninstalled  without  a 

eflZ  T  f  gUrTn  bCtWer  65  /0  and  90%  ensine  speed  This  occurs  because  aI  lower  engine  speeds  the 

mTet  dominafe  d°m,nate  ,he  *OSSes  whi,e  at  hiSher  enSine  speeds  the  losses  associated  with  the  serpentine 
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.  FifTi5ubf,l0W  re,preSe^tS  the  differences  ^tween  the  efficiencies  of  the  three  tested  configurations  As 

yidded  ,hE  *“  tsfc- wh,ch  *  6-?%  *-»  -  *«»•  ■  w — ■«« 


Uninstalled 

w/ 

Bellmouth 

Uninstalled 

w/o 

Bellmouth 

Installed 
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Figure  25.  Corrected  TSFC  for  installed  and  uninstalled  engines  (with  and  without  bell  mouth). 

V,  Conclusion 

mornhlXf  3Sf!Ttemi S!011?1  aV1J24‘8J  tUrb0jet  eng'ne  W3S  tCSted  °ver  the  course  of  five  test  ™s>  three  with  a  bell 
mouth  inlet,  and  two  without.  After  reducing  the  data  from  these  test  runs,  the  engine  parameters  at  military  power 

an.  corrected  to  sea  level.  Several  important  trends  can  be  gleaned  from  these  results.  The  test  results  and 

corresponding  trends  are  outlined  in  Figure  26  below.  no 

Table  26.  Corrected  thrust  values  and  percent  differences  for  each  engine  test  configuration. 


Test  Set- lip 

Corrected 

Thrust 

- -  CV  kJ  i.  V 

Difference  from 
published  data 

Uninst.  w/  BM 

260  Ibf 

8.33% 

Uninst  w/o  BM 

245  Ibf 

2.1% 

Installed 

235  Ibf 

2.1% 

Published 

240  Ibf 

True  value 

Each  of  the  percent  differences  outlined  above  have  different  likely  causes.  The  corrected  thrust  for  the  bell 

r;;rgUratr  mOSt, hi^r  configuration  without  a  bell  mouth  inlet  due  to  a 

tho  hell  the  pressl*re  dlffere"!'al  aclinS  on  the  bell  mouth  and  the  vena  contracta  effect  acting  on  the  engine  when 
the  beU  mouth  is  not  present.  The  installed  corrected  thrust  is  most  likely  lower  than  the  uninstalled  configuration 
with  a  bell  mouth  inlet  because  the  bell  mouth  configuration  has  the  benefit  of  the  pressure  differential  acting  on  the 
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?ch  T’  ?e  1"stalfed  engme  has  t0  c°Pe  Wlth  inlet  losses  due  to  its  serpentine  inlet  which  lower  its  thrust 
hfi’tZ’SU  y  iP0Wer-  Fl?'Ly’  the  uninstalled  data  for  the  bell  mouth  engine  configuration  is  likely 

,  &h  tha"  the  pub  lsh^d  value  not  onIy  because  of  the  pressure  differential  acting  on  the  bell  mouth  but  also 

oTSmtT  mantCtUrer  P"blfeS  *?  thrUSt  Vatue  the  ^  able  to  “maintain  said  thrust  at  the  end 

better  Ihl Te  n  Vvl  !??.  ”5“^  shock'  11  is  therefore  safe  to  assume  the  engine  performance  will  be 

n  "  tf®  Published  data  during  its  life  cycle  while  properly  maintained  in  a  test  environment.  It  is  important  to 
no  e  that  while  the  unmstalled  corrected  thrust  without  a  bell  mouth  inlet  was  higher  than  the  installed  thrust  at 
ini  itary  power,  it  is  actually  lower  than  the  installed  values  from  roughly  65%  to  90%  throttle.  This  trend  can  best 
A  ^  thetpb™ena  °[  vena  contract*  At  lower  throttle  settings  the  losses  due  to  vena  contracta  are 

of  thfchilkarnT' k  tCSt  "°nf  rali°n  7lth°Ut  3  beli  m°Uth  inIet  than  the  l05ses  caused  by  the  serpentine  inlet 
,  i  kf  ;  hJ°WeVer’  3S  hr0ttle  6XCeeds  90%’ the  iniet  !osses  due  t0  the  serpentine  geometry  of  the  Chukar  III 
exceed  the  losses  due  to  vena  contracta  effects  on  the  uninstalled  engine.  The  effects  of  the  bell  mouth  additive 

Figure?”0  COntmCta'  3nd  m  Ct  l0Sses  were  anab'tically  determined  at  two  engine  speeds  and  are  outlined  below  in 


T est  Con  fig  u  ra  lion 

73%  Corrected 
Throttle 
<77*2  Ibf  thrust) 

Percent 
of  thrust 

102%  Corrected 
throttle 

(272*6  Ibf  thrust) 

Percent 

of 

thrust 

Thrust  added  by 
bell  mouth  iniet 

1.18  Ibf 

1.53% 

15  0413  Ibf 

5,52% 

Thrust  lost  due  to 

vena  contracta 

8.66  Ibf 

12.64% 

3  17  Ibf 

1.18% 

Thrust  lost  due  to 

serpentine  inlet 

2.13  Ibf 

2.84% 

I5J6  ibf 

5.97% 

Figure  27.  Effects  of  bell  mouth  inlet,  vena  contracta ,  and  inlet  losses  at  73%  and  102%  throttle. 

After  calculating  the  corrected  TSFC  of  the  different  engine  configurations,  the  TSFC  for  each  test  configuration 
HnJ  S  aSS°.aated  trends  were  outlined  in  Figure  28  below.  The  same  reasons  that  corrected  thrust  varied  apply  here 
However,  it  is  of  particular  importance  to  remember  that  the  WJ24-8F  is  a  short  life  cycle  engine  that  is  designed  to 
take  repeated  abuse  to  include  landing  in  the  ocean  and  being  re-used.  The  abuse  this  engine  takes  as  part  of  its 
mission  requirements  necessitates  a  durable  and  robust  design:  therefore,  it  is  not  surprising  that  a  well  maintained 
WJ24-8F  engine  relatively  young  in  its  life  cycle  would  exceed  its  published  performance  parameters.  One 
p  r  icular  trend  that  should  be  noted  is  that  the  TSFC  begins  to  level  out  as  it  reaches  90-95%  RPM,  This  flattening 

arnnl|S  \  '  lS  What  shou!df,ccur  when  the  enSirie  caches  its  maximum  output  and  stabilizes  there.  The  data 
thTt?d  f?hS,an  ,nTSe  Z  3S  *!  approached  l00%  RPM  difference  can  most  directly  be  attributed  to 
0^ a'frirnsfsftmT66 tbern^>dynam lc  and  propulsive  efficiencies.  These  results  are  due  to  the  engine  being  mounted 
on  3  thrust  stand  and  the  abovementioned  trends  would  be  somewhat  different  if  the  engine  was  experiencing  flight 
conditions  since  the  velocity  of  the  exhaust  gas,  V,,  would  be  closer  to  the  Chukar  Ill’s  velocity. 

Table  28.  Corrected  TSFC  values  and  percent  differences  for  each  engine  test  configuration. 


Test  Set-Up 

Corrected 

Thrust 

Difference  from 
published  data 

Uninst.  w/  BM 

1.15/ hr 

4.2% 

Uninst  vv/o  BM 

1 .23/hr 

2.5% 

Installed 

1.37/hr 

14.2% 

Published 

1.2/hr1 

True  value 

Finally  the  mass  flow  rate  of  air  through  the  engine  was  characterized  and  can  be  referenced  in  Figure  23  This 
data  corrected  well  with  previous  research.  Given  the  above  findings,  and  their  correlation  with  both  published  data 
and  the  previous  research  on  the  installed  engme,  it  is  believed  that  the  WJ24-8F  is  reliable  and  proven  enough  to  be 
used  in  future  research  as  a  test  bed  for  other  projects  such  as  the  Air  Force  Academy’s  ongoing  endeavors  in 
unmanned  aenal  systems  and  ejector  theory.  As  such,  all  objectives  for  this  project  have  been  met  or  exceeded. 
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